This work focuses on multiple chain deposition, using a coarse-grained model. The phenomenon is assessed from a novel perspective which emphasizes the conformation and relative arrangement of the deposited chains. Variations in chain number and length are considered, and the surface charge in the different systems ranges from partially neutralized to reversed by backbone deposition. New tools are proposed for the analysis of these systems, in which focus is given to configuration-wise approaches that allow the interpretation of correlated multi-chain behavior. It is seen that adsorption occurs, with a minimal effect upon the bulk conformation, even when overcharging occurs. Also, chain ends create a lower electrostatic potential, which makes them both the least adsorbed region of the backbone, and the prevalent site of closer proximity with other chains. Additionally, adsorption into the most favorable region of the surface overrides, to a large degree, interchain repulsion.
I. INTRODUCTION
The interaction between polyelectrolytes and surfaces plays an important role in a large number of applications including coating processes, 1, 2 gene and drug delivery, 3, 4 and sensor development [5] [6] [7] among several others. [8] [9] [10] [11] [12] Tailoring surface properties permit to optimize a specific application 4, [13] [14] [15] [16] [17] and a deep understanding of the adsorption process is fundamental to guide experimental design.
Several studies have addressed the adsorption of polyelectrolytes onto surfaces [18] [19] [20] [21] [22] [23] [24] [25] [26] and, particularly, the adsorption of multiple chains has been largely explored, 17, 22, [27] [28] [29] [30] considering either the deposition of mixtures of oppositely charged polyelectrolytes 17, 22, 30, 31 or focusing only onto cationic 1, 23, 32, 33 or anionic polyelectrolytes. 24, 34 Some situations in which irregularly distributed or mobile charges are present have been previously addressed, 35, 36 showing that a number of effects are present including surfacepolyelectrolyte charge correlation. More recently, a growing interest in anionic amphiphilic polyelectrolytes, has emerged, particularly motivated by their potential in the biomedical fields. [37] [38] [39] In spite of the amount of work and variety of aspects covered, the study of the spatial distribution of the polyelectrolytes in the surface is still a largely unexplored subject. The main focus of the present work is the characterization of the coverage of the surface, with identification of the differentially populated regions, and establishing the distance between polyelectrolyte chains and the profile of vicinity of the backbones. Controlling the surface properties and, in particular knowing the arrangement of the adsorbed polyelectrolytes is crucial in a vast number of fields involving polyelectrolyte deposition, as the properties of the final surface are almost entirely controlled by the characteristics of the a) Electronic mail: snunes@qui.uc.pt deposited layer. For example, in procedures involving selfassembly, it is expected that the homogeneity of the polyelectrolyte layer formed and the conformation of the adsorbed chains might affect the properties of the coating and thus constrain the subsequent interaction with further molecules. The conformation of the adsorbed backbones also impacts on the layer thickness, which is another important issue in many applications.
To address the proposed goals, the approach developed in a previous study 40 was extended to the problem of likecharged multichain adsorption onto regularly charged surface patches. Focus is given to the ability of the surface to accommodate an increasing number of polyelectrolyte chains of different length, and particular attention is devoted to the arrangement of these chains on the surface upon adsorption. Aspects such as chain conformation, multiple chain adsorption pattern, and the factors behind the organization of the backbones on the surface are explored in detail using Monte Carlo simulations in a coarse-grained model. Two sets of systems are considered. In the first one, a polyelectrolyte chain was sequentially fragmented into an increasing number of shorter chains. This imposes, in all systems, the same number (concentration) of monomers interacting with the surface and allows assessing the importance of molecular weight. In the second case, the polyelectrolyte chain length was kept constant, and an increasing number of chains were considered, promoting an increasing monomer concentration and surface coverage. In both cases, the conformation of the chains, the respective distribution on the surface, and the relative positioning was inspected.
Results indicate that adsorption occurs mainly without a significant compaction of the polyelectrolyte chains in relation to the bulk conformation. This is valid even for systems in which surface overcharging is present. Furthermore, the arrangement of the chains upon adsorption seems to be mainly governed by a balance between chain interaction and deposition in regions where surface attraction is favored.
II. METHODOLOGY A. Simulation details
A simple model was adopted to describe the interaction between negatively charged polyelectrolyte chains in aqueous solution and a finite positively charged surface. In the model, the polyelectrolyte is represented by a spring-bead chain described as a sequence of negatively charged hard spheres connected with harmonic bonds, being the chain flexibility regulated by angular force terms. The charged surface is taken to be a hard planar wall with embedded positively charged fixed hard spheres positioned in the xy plane in a regular fashion. The spacing between the charges is constant and imposes the surface charge density. Monovalent simple ions, also treated as charged hard spheres, corresponding to the counterions of both the surface and the polyelectrolyte chains are explicitly included. The solvent enters the system only through its relative permittivity.
A box with dimensions L x = L y = 2000 Å and hard walls placed at z = ±1000 Å was imposed. The size of the simulation box (2000 × 2000 × 2000 Å) is large enough so that boundary effects are negligible.
The system is periodic in the x and y directions. The surface, formed by the charged hard-spheres is positioned at the center of the simulation box in the xy plane and is considerably smaller (160 × 160 Å) than the corresponding box area. Thus, surface charges are distributed in a square grid from −80 Å to +80 Å in both the x and y directions, while the simulation box ranges from −1000 Å to +1000 Å along these axes. A hard-sphere radius of 2.0 Å was used for all the species. The temperature T= 298.15 K and relative permittivity r = 78.4 were considered throughout. In most experimental conditions, the dielectric constants of the solvent and the surface are different, and the presence of the polyion near the surface induces a polarization of both mediums. This effect has been accounted for in some works by considering the presence of image charges. 21, 33, 41, 42 It will not be, however, focused in the present work.
All interactions were taken as pairwise additive. The total potential energy, U, of the system can be expressed as a sum of four contributions: the nonbonded potential energy, U nonbond , the bond potential energy, U bond , the angular potential energy, U ang , and the confining external potential energy, U ext . The nonbonded potential energy is given by
where the summation extends over chain beads, surface charges, and counterions, with u i, j representing the electrostatic potential plus a hard-sphere repulsion according to
where Z i is the valence of the particle i, R i is the radius of particle i, r i, j is the distance between particles i and j, e is the elementary charge, o is the permittivity of vacuum, and r is the relative permittivity of the solvent. Polyelectrolyte chain beads are connected by harmonic bonds, and the bond potential energy of the polyelectrolyte is given by
where N c is the number of chains and N bead, c is the number of beads of chain c, r i, i + 1 is the distance between two connected beads with the equilibrium separation r 0 =5.0 Å, and the force constant k bond = 0.4 N m −1 . With the other interactions included, the typical root-mean-square (rms) bead-bead separation becomes R 2 bead,bead 1/2 ≈5.8 Å. The angular potential energy, U ang , is given by
where α i is the angle formed by the vectors r i + 1 − r i and r i − 1 − r i with the equilibrium angle α 0 = 180 • and the force constant k ang . The value k ang = 3.44 × 10 −24 J deg −2 was used throughout the work. Finally, the confining external potential energy, U ext , is given by
where the summation extends only over polyelectrolyte beads and counterions with
All Monte Carlo simulations were performed with the MOLSIM 43 simulation package in the canonical ensemble and the Metropolis algorithm. 44 Three types of Monte Carlo trial moves were employed for the polyelectrolyte chain: single bead move, translation of the entire chain, and slithering move where one of the end beads is moved to the opposite end of the chain. The single particle move was attempted 100 times more often than the other two types of moves. The chain and surface counterions were subjected to translational moves and the surface charges were fixed. Each simulation included an equilibration of at least 5 × 10 6 trial moves per particle followed by a production run of at least the same number of moves which was found to be sufficient to warrant convergence.
The influence of the interaction between polyelectrolytes and surface is inspected considering a fixed and uniform surface charge density with the 100 surface charges that constitute the adsorbing surface regularly distributed with a closest distance between charges of 16 Å . With this arrangement, the mean charge density of the surface is 0.063 C m B. Properties
Conformation and adsorption
The variables considered in the simulation are the number and length of the polyelectrolyte chains. Adsorption was evaluated resorting to the properties describing the spatial extension of the chains and their conformation with respect to the surface. Chain monomers located within 8 Å from the plane of surface charges were considered to be adsorbed. The extension of the polyelectrolyte backbones was characterized by the radius of gyration (R g ) and by the respective projections parallel (Rg xy ) and perpendicular to the surface (Rg z ) according to
where r denotes the position and x, y, and z the coordinates. The subindexes i and CM refer to each i segment and to the center of mass of the chain, respectively.
Spatial distribution and proximity analysis
The spatial distribution of the chains in the surfaces was inspected resorting to positioning density maps obtained using Gnuplot v4.4, and also to metric approaches based on proximity profiles. These evaluate the distribution profile of the distances between the central monomers of the chains, and between selected monomers.
The algorithms used for proximity analysis were implemented and optimized by the authors using Octave v3.2.4. 48 The analysis is based on three procedures. The first relies on the determination of the nearest-neighbor distances between chains (represented by their central monomer) in a minimum of 400 configurations obtained at regular intervals from the total number of steps in the production run. These distances are collected in a relative frequency plot. The second uses the nearest-neighbor distance of each monomer relative to the monomers of the other chains, which are averaged for all chains and configurations. From these averaged values, the profile of closest distance for the monomers is established. Finally, the index of the nearest-neighbor in other chain is identified for each end monomer. The relative frequency of indexes value is subsequently compiled. The same procedure is applied for the central monomer, represented by that of lower rank and closer to the center of the chain. In summary, the first procedure establishes a distribution of closest distance between chains. The second one establishes a profile of proximity to each monomer. The last one allows to readily inspect which monomers are more frequently closer to the chain ends, or to the center. The combination of these procedures provides a detailed description of the arrangement of the chains relatively to each other. 
III. RESULTS AND DISCUSSION
Monte Carlo simulations were performed in order to explore the conformation and spatial distribution of an increasing number of polyelectrolyte chains adsorbing onto a regularly oppositely charged finite surface. Two different cases were considered. In one, a chain was sequentially fragmented into an increasing number of consecutively smaller chains. In the other, the chain length was kept constant, and the number of chains in the system was increased up to a point in which the surface is saturated, i.e., unable to adsorb an additional chain. The systems will be denoted, respectively, as set 1 and set 2.
The parameters varied in the work together with a brief description of the labels employed in Table I are summarized. A surface of constant size, comprising 100 charge points regularly distributed and spaced by 16 Å along the x and y directions in a square grid, was considered. The surface size was chosen to be large enough to allow a complete adsorption of the longest chain considered. In Figure 1 some snapshots of the systems under study are depicted. Note, in panel (a), an illustration of the complete adsorption of the longest chain considered.
Note also that, as the surface size is smaller than the chain dimension, some compaction occurs in order to maximize the interaction between the chain and the surface. From panel (b) to (f), chains are progressively smaller and the adsorption to the surface is, a priori, possible without significantly affect the respective bulk conformation. The progressive surface coverage with chains of constant length is depicted in panels (g)-(l). It can be seen that, as the number of chains increases, the growing repulsion induces some degree of desorption, which becomes particularly evident in panels (k) and (l).
For each system considered, the extent of adsorption, the corresponding degree of surface charge compensation, (a) system C1n60; (b) system C2n30; (c) system C3n20; (d) system C4n15; (e) system C5n12; (f) system C6n10; (g) system C1n20; (h) system C2n20; (i) system C4n20; (j) system C5n20; (k) system C6n20; (l) system C7n20. and the conformation of the polyelectrolyte on the surface was inspected. Additionally, the spatial organization of the polyelectrolyte chains on the surface was evaluated resorting to positioning maps and to the described proximity-based approaches.
A. Does the number of chains control adsorption?
The adsorption degree, considered as the ratio between the number of adsorbed segments and the total number of chain segments, is represented in Figure 2 , as a function of the number of chains in the system. It can be seen that, in both sets, adsorption slightly decreases as the number of chains increases. It can also be seen that up to five chains, the degree of adsorption is very similar in both sets, suggesting a significant dependence on the number of chains. Other factors, such as chain length, play only a minor role in the range under study. This seems to be associated to some entropic factor, related with chain ends and respective mobility. For more than five chains, there is a marked decrease in adsorption for set 2, reflecting surface saturation and subsequent charge reversal. Figure 3 represents the percentage of surface charge compensation, determined considering the contribution of all species in the systems, again, as a function of the number of adsorbed chains. It should be stressed that the contribution of the counterions to the surface charge compensation is always very small. Chain counterions, which act in the opposite way of surface charge compensation, contribute less than 0.3%, while surface counterions have a contribution to the surface charge compensation below 1% in systems of set 1, and range from ∼8% to 0.3% in systems C1n20 to C7n20 (data not shown). Panel (a) reflects the proportionality between the degree of adsorption and the surface charge compensation and shows that the latter tends to decrease when smaller fragments are considered. In contrast, for set 2, panel (b), the charge compensation increases monotonically with the number of chains, attaining a certain degree of charge reversal which is maximal for seven chains. It should be noted that the surface is not able to adsorb an eighth chain. The profiles of the contact of chain monomers with the surface charges were also inspected, and are presented in Figure 4 . The curves represent the average number of surface charges in contact with a chain monomer. These were calculated from the probability of finding a chain segment at a distance below 8 Å from any surface charge. It can be seen that, independently of the system considered, the contact with the surface charges is considerably lower for the end monomers. For the shorter chains of set 1, a decrease in contact is visible immediately after the central monomers. Also, there is a decrease in the overall contact as the number of chains increases, for both sets 1 and 2. This decrease is more pronounced in the latter, due to the increased surface charge compensation and interchain repulsion.
It is also noteworthy that independently of the number and length of the chains, the chain contact occurs, on average, with less than 0.6 surface charges. Note that this contact analysis is more stringent than the one corresponding to monomer-wise adsorption, but the overall indications are compatible.
B. Adsorption does not promote strong compaction
In order to characterize the conformation of the chains upon adsorption, the radius of gyration, R g , was used. Due to the variation of the chain length imposed in set 1, the values are reported relatively to those of the bulk, as indicated in Figure 5 . In each case, the bulk value of the radius of gyration was obtained considering a single chain in a bulk phase. In set 1, R g increases as the fragmentation of the chain occurs. The adsorption of the longer chain (C1n60) imposes some degree of compaction, which becomes progressively lower as the chain length decreases, in spite of the increase in the number of chains. In set 2, the reverse situation occurs. As the number of chain monomers is constant, a higher number of chains promote a higher degree of surface coverage, and some compaction occurs. Note, however, that this is a minor effect, in spite of the repulsion between chains. Apparently, the combined effect of adsorption and interchain repulsion does not significantly perturb the bulk conformation of the chains, which seems to be governed essentially by intrachain effects.
The extension of the polyelectrolyte chains normal and parallel to the surface plane was also quantified using the components of the radius of gyration perpendicular (Rg z ) and parallel to the surface plane (Rg xy ). Panel (a) of Figure 6 shows that Rg xy decreases as the number of chains increases, both in sets 1 and 2. Naturally, this trend was expected in set 1, since the increase in the number of chains implies a decrease in their length. In set 2, the decrease of Rg xy is dictated by the lowering of adsorption as the number of chains in the system grows. The Rg z component, represented in panel (b) of Figure 6 shows an increasing trend for both sets 1 and 2, clearly more marked in the latter. In the former, a slight increase is found from one to two chains but the value is almost constant from there on. This trend is again related to the decrease in adsorption.
C. Chain deposition favors specific regions of the surface
The arrangement of the chains on the surface was inspected resorting to positioning density maps. In these representations, the probability of finding a monomer of the chain adsorbed at each point of the surface is plotted, relative to that found for a uniform distribution. The results are summarized in Figures 7 and 8 , respectively, for systems of sets 1 and 2. In the same figures selected examples of some of the most frequent configurations found in each case are also included. Figure 7 shows that when only one, relatively long chain is present, adsorption occurs preferentially in a ring pattern, with the chain avoiding simultaneously the center and the periphery of the surface. This pattern can be understood considering the attractive potential of the surface, previously determined. 40 It was found that, although the surface is composed of a uniform distribution of charges, the attractive potential created is non uniform. It is higher at the center of the surface and diminishes towards the periphery. When only one chain is present, under the influence of this attractive potential, the polyelectrolyte, ensuring a minimal bending penalty, seeks the region of the surface that maximizes the interaction. 40 Naturally, when more than one chain is present, the effect of repulsion between chains must also be accounted for. The backbones occupy preferentially the regions of the surface where the attractive potential is higher, mainly avoiding the periphery of the surface, but interchain repulsion seems to dominate the distribution in this more favorable region, keeping the chains apart. Consequently, when two chains are present they are preferentially parallel to each other. When three chains are present, an almost equilateral triangular arrangement of the central monomers is observed (see Figure 7 , system C3n20). It should be stressed that all the points around the center of the surface are equally probable, thus leading to an isodiametric "circular shape" 49 similar to the simplest and best known Releaux polygon. [49] [50] [51] [52] [53] [54] When the number of chains increases to four, the arrangement occurs preferentially at the corners of a square around the central part of the surface where the attractive potential is higher. Again, the chains avoid the periphery of the surface. For five and six chains, the pattern is more diffuse, but the chains tend to stay as distant as possible. The central part of the surface becomes now increasingly occupied.
In Figure 8 the same analyses are depicted for set 2. There is a strong similarity between the behavior in the two sets. However, some differences occur because the chain lengths are not the same in the two sets. Therefore, in system C1n20, the polyelectrolyte occupies preferentially the central part of the surface, where the attractive potential is higher. The chain is relatively short and can be accommodated in this region of the surface, without a significant bending. For systems C2n20 to C7n20 the arrangement is essentially the same observed in Figure 7 . For a number of chains above three, the longer chains induce a higher uniformity on surface coverage, promoting the occupancy of the peripheral region of the surface, which was largely vacant for the smaller chain lengths of set 1. Again, the chains tend to maintain a minimal compaction and be aligned, maximizing the relative distances.
D. Chain ends play a major role in chain positioning
After the characterization of general aspects of the adsorption process, focus is now given to the metrics pertaining to the relative arrangement of the chains. To this purpose, the nearest neighbor distances between chains and their relative orientation were first assessed. In Figure 9 the frequencies of the nearest neighbor distance between the central monomers of the chains are represented.
It is seen that, in set 1, panel (a) when the number of chains increases, the distance between nearest neighbors tend to decrease. In set 2, this monotonic trend is altered. While in the sequence three to seven chains the distances decrease, because of surface crowding, for two chains, distances fall between those found for C4n20 and C6n20, and strongly overlap with those of C5n20. This agrees with the pattern displayed in Figure 8 , which suggests that the two chains are mainly close to the center of the surface, aligned and in a rod-like conformation.
In another, related, perspective, Figure 10 represents the distribution of the average nearest neighbor distances relatively to each monomer of the chain. In panel (a), set 1, the profile is nearly independent of the number of chains. Note, however, the slight difference in the case of two chains, where there is a very slight minimum located close to each end, imputable to some bending of the end part of the chain. For the remaining systems, the end monomers are always the closest segment to the nearest chain, while the central part is the furthest apart. As the number of chains increases they become closer to each other, in spite of being increasingly shorter. This is a direct result of the higher potential in the center of the surface that promotes a certain degree of confinement: as the chains become shorter the repulsion decreases, which allows a closer proximity. In set 2, panel (b) the profile is more dependent on the number of chains. When two chains are present, the distribution is nearly uniform. It can be inferred that, in this case, the chains are considerably more spaced than in the systems containing a higher number of chains. This seems to contradict the results from Figure 9 . However, the latter has to do with central monomer distances, while Figure 10 deals with monomer to monomer proximity. As the number of chains increases, they tend to be closer to each other and, clearly, the end monomers are those closer to the neighboring chains. As in set 1, the increasing number of chains induces a higher approximation between them, with the corresponding decrease in the nearest neighbor distances. In set 2, this is motivated by the longer chain that naturally impose a higher approximation despite the increased repulsion. The flattening observed in the central part of some of the curves in panel (b) of Figure 10 suggests that, in those systems, chains are disposed in a parallel arrangement.
In Figure 11 the proximity profile between chains for set 1 is depicted. The profiles were obtained identifying the monomer responsible for the closest approximation between neighboring chains. These monomers are then counted and accumulated considering the respective index, and the result plotted in the form of the respective relative frequency. In panel (a) of Figure 11 corresponding to set 1, it can be seen that generally, and independently of the number of chains in the system, ends are closer to ends. Panel (b) of the same figure shows that, surprisingly, chain ends are also the monomers more often found closer to central monomers, and only in system C2n30 this trend is somewhat altered. In this system cen- tral monomers are also frequently found close to other central monomers. Very similar trends are observed for set 2 (data not shown).
The preference for chain ends as the site of closest proximity between chains can be understood inspecting the potential created by each chain, the whole set of chains and, also, the surface charges. While surface charges are attractive centers, chains repeal each other. In Figure 12 the electrostatic potential created by one and three chains in a typical configuration for system C3n20 is represented, the latter with and without the attractive contribution of the surface charges. In panels (a) and (b), in which the effect of surface charges is not included, it is clear that the vicinity of the chain ends is less repulsive than the middle part. It is noteworthy that the repulsive potential created by the three chains is magnified in the region between them, due to their cumulative contribution. However, and as stated before, the potential created by the surface charges is higher in the surface center, and under the influence of this attractive potential, chains tend to approach the center. This effect promotes a more homogeneous potential in the surface (Figure 12(c) ).
After discussing the rationale for the monomers involved in the closest proximity with neighboring chains, the average distance between chain ends, ends-central monomers, and between central monomers, the latter only in systems C2n20 and C2n30, is presented in Table II . Results indicate that the distance of closest approach between chains does not significantly depend on the sites involved, which is compatible with the relatively uniform potential created. Naturally, these distances decrease as the number of chains increases. Set 2 behaves in a similar fashion.
E. Overview
In summary, it was found that independently of the polyelectrolyte chain length and degree of surface charge neutralization, the contact of chain ends with surface charges is always weaker than that of the remaining backbone. This occurs FIG. 12. Potential energy contours of the Coulombic energy (kJ/mol) calculated considering the effect of only one (a) and three chains (b), without contribution of the surface charges, in a typical configuration for system C3n20. In panel (c), the attractive contribution of the surface charges was also included.
even for very small chains, and in situations where the surface is markedly undercharged.
It was also seen that adsorption occurs mainly in flat arrangements parallel to the surface, as already observed in other systems, 27, 55, 56 even in electrically neutral surfaces. 56 Moreover, this occurs without a significant compaction of the chains. The interaction between polyelectrolyte and surface promotes a spreading of the backbones dictated by electrostatics. This is valid even when surface overcharging occurs, and is reflected on the R g values, that do not change significantly relatively to the bulk phase. Apparently, the balance between adsorption and interchain repulsion does not considerably affect the bulk conformation, indicating that the repulsive interactions between the charged segments dominate over interchain repulsion. This is in accordance with the behavior previously reported 57 in a study on the adsorption of amphiphilic polyelectrolytes on silica, at low salt concentration. It also agrees with observations on the adsorption of uncharged homopolymers to surfaces, 58 in which flexible chains retain most of the respective conformational freedom upon adsorption.
It was also found that arrangements in which the ends are the sites of closest proximity between chains are dominant. Ends are also the prevalent sites of closest proximity to central monomers. The lower potential created at the chain ends, makes this part of the backbone the less adsorbed one, and induces a frequent end-pointing-to-end relative positioning, in order to minimize interchain repulsion.
In what regards the patterns of adsorption, results indicate that chains are located preferentially in the regions of the surface where the attractive potential is higher, and the periphery becomes occupied only when surface overcharge is attained. Furthermore, interchain repulsion dictates the distribution of the chains on the favorable region of the surface. Irrespective of the arrangement of the chains, the shortest distance between them is approximately constant and independent of the monomers responsible for this closest proximity. As the number of chains increases, this distance tends to decrease, again, irrespective of the monomer pair involved.
IV. CONCLUSIONS
Two sets of systems comprising an increasing number of chains of different or constant chain length adsorbing on a oppositely charged surface with a regular charge distribution were examined.
The aim of the work was to improve the understanding of the structure of the adsorbed layer, resorting to a very simple model, and thus give a contribute to areas involving polyelectrolyte deposition. To achieve this goal, the factors that control the conformation and the patterns of adsorption of multichain like-polyelectrolytes were inspected in detail.
Considering the nature of the systems under study, and the surface-polyelectrolyte affinity, a regular adsorption could be expected. Instead, a feature rich behavior was observed.
